The effect of phosphoric acid pre-etching on enamel bond fatigue durability of universal adhesives and two-step self-etch adhesives was investigated. Four universal adhesives and three two-step self-etch adhesives were used. The initial shear bond strengths and shear fatigue strengths to enamel with and without phosphoric acid pre-etching using the adhesives were determined. SEM observations were also conducted. Phosphoric acid pre-etching of enamel was found to increase the bond fatigue durability of universal adhesives, but its effect on two-step self-etch adhesives was material-dependent. In addition, some universal adhesives with phosphoric acid preetching showed similar bond fatigue durability to the two-step self-etch adhesives, although the bond fatigue durability of universal adhesives in self-etch mode was lower than that of the two-step self-etch adhesives. Phosphoric acid pre-etching enhances enamel bond fatigue durability of universal adhesives, but the effect of phosphoric acid pre-etching on the bond fatigue durability of two-step self-etch adhesives was material-dependent.
INTRODUCTION
The benefits of applying phosphoric acid etching to enamel selectively prior to the application of self-etch adhesives (phosphoric acid pre-etching) to improve the bond strength of the adhesives have been well documented in the literature [1] [2] [3] [4] . Frankenberger et al. 5) published "Selective enamel etching reconsidered: better than etch-and-rinse and self-etch?" and concluded that clinical bonding performance of self-etch adhesives was improved when phosphoric acid was applied on enamel selectively. Therefore phosphoric acid preetching has become one of the clinical options when selfetch adhesives are to be used, based on laboratory and clinical studies [1] [2] [3] [4] [5] . Phosphoric acid pre-etching modifies enamel morphology 6, 7) , structure 8) and interfacial characteristics 4, 9, 10) in order to achieve durable bonds. On the other hand, Van Meerbeek et al. 11) and Kubo et al. 12) have reported that no difference in clinical performance of resin composite restorations was recorded when two-step self-etch adhesive (Clearfil SE Bond, Kuraray Noritake Dental, Tokyo, Japan) was applied in both the presence and absence of phosphoric acid pre-etching. In addition, excellent clinical studies related to the 3, 5, 8 and 13 year follow-up of resin composite restorations in non-carious cervical lesions using two-step self-etch adhesive (Clearfill SE Bond) with and without phosphoric acid pre-etching have been reported by Peumans et al. [13] [14] [15] [16] . They suggested that phosphoric acid pre-etching was not critical for the overall clinical performance of the restorations at 3 and 5 year follow-up 13, 14) , and only had some minor positive effects on marginal integrity and absence of marginal discoloration at 8 and 13 year follow-up 15, 16) . Therefore, questions still remain about the effect of phosphoric acid pre-etching on the bonding performance of two-step selfetch adhesives, and further work is necessary. Two-step self-etch adhesives have been further developed in recent years, and two two-step self-etch adhesives, OptiBond XTR (Kerr, Orange, CA, USA) and Clearfil SE Bond 2 (Kuraray Noritake Dental), have been introduced to the profession with the claim that they exhibit superior bonding performance to the previous generations of two-step self-etch adhesives, including Clearfil SE Bond. In the literature, Walter et al. 17) and Meharry et al. 18) reported that Optibond XTR showed superior enamel bond strength compared to Clearfil SE Bond. In addition, Sato et al. 19) reported that the bond strength after 24 h and long-term (6 month and 1 year) water storage of Clearfil SE Bond 2, which is offered as an improved version of Clearfil SE Bond with a new photo-initiator, was higher than that of Clearfil SE, and that it showed a higher degree of conversion. Therefore, these adhesives should be compared to the previous generation of two-step self-etch adhesives in order to determine whether phosphoric acid pre-etching is necessary with current adhesives of this type.
Another recent trend in adhesives is universal adhesives, which have gained popularity due to their versatility as they can be used with either totaletch, self-etch, or selective etch techniques 20) , and can also bond to various substrates, such as glass ceramics, zirconia and metal alloys, in addition to tooth substrates 21) . In a recent systematic review of the bonding performance of universal adhesives in laboratory studies, weak enamel bond strengths have been reported for the adhesives when used without phosphoric acid pre-etching, compared to those
Comparison of enamel bond fatigue durability between universal adhesives and two-step self-etch adhesives: Effect of phosphoric acid pre-etching with the pre-etching 22) . Therefore many researchers recommended phosphoric acid pre-etching for universal adhesives in order to obtain optimal enamel bonds 7, 10) . de Goes et al. 23) reported that phosphoric acid preetching increased bond strength for a universal adhesive (Scotchbond Universal Adhesive) and two-step selfetching adhesive (Clearfil SE Bond), but there was no difference in bond strength depending on the type of adhesive regardless each of the presence or absence of the pre-etching. On the other hand, Makishi et al. 24) have conducted similar study, but the results were only partially consistent with the study of de Goes et al. 23) . Makishi et al. 24) investigated enamel bond strength after 24 h and 1 year water storage of universal adhesives (AllBond Universal and Scotchbond Universal Adhesive) and two-step self-etch adhesive (Clearfil SE Bond) with phosphoric acid pre-etching, and concluded that the enamel bond strength after 1 year water storage was not influenced by type of adhesives, unlike that after 24 h, when that of two-step self-etch adhesive was higher than those of universal adhesives. The increasing popularity of universal adhesives, driven by their versatility, has made pressing the question of whether the universal adhesive or two-step self-etch adhesive is superior for enamel bonding, regardless of the presence or absence of phosphoric acid pre-etching.
An extremely large number of laboratory enamel bond strength evaluations related to effect of phosphoric acid pre-etching have been conducted over the years using static bond strength testing such as shear macroand micro-tensile push-out bond strength, and so on [1] [2] [3] [4] [6] [7] [8] [9] [10] 20, 21, 23, 24) . An article search of literature conducted in May 2017 in the databank PubMed using the keywords "bond strength", "acid etching" and "enamel" yielded 1,102 publications, while searching on just "bond strength" and "enamel" yielded 2,331. However, Heintze and Zimmerli 25) , and Heintze 26) argued that results using static bond strength testing have limited clinical relevance and should not be used to make clinical recommendations. Theoretically, it should be clinically more relevant to test adhesive interfaces dynamically, as in the clinical situation tooth-resin composite bonds are seldom subjected to the acute shear and/or tensile stresses employed in static bond strength tests 27) , Therefore, evaluations or the effect of phosphoric acid pre-etching using dynamic bond strength testing on current adhesives are desirable.
Over the past decade, a dynamic bond strength testing that assess the bond fatigue strength of adhesive systems have been developed at the Creighton University School of Dentistry (Omaha, NE, USA) [28] [29] [30] . A method for dynamic bond strength testing was originally developed by Erickson et al. 31, 32) 33) , Barkmeier et al. 34) , Takamizawa et al. 35) , and Tsujimoto et al. 36) at the Creighton University School of Dentistry from 2009 to 2017. This dynamic bond fatigue strength testing allows better assessment of an adhesive's response to the repeated subcritical loading challenges encountered in the oral environment as the cyclic stresses used are more similar to the stresses generated during mastication than the continuous loading to failure applied in traditional static bond strength testing 31, 32) . Thus, it would be worthwhile to evaluate the effects of phosphoric acid pre-etching on the enamel bond fatigue durability of universal adhesives and two-step selfetch adhesives in order to assess the endurance of the adhesives in the face of repetitive subcritical loading.
The purpose of this laboratory study was to investigate all three of these issues by assessing the effects of phosphoric acid pre-etching on the enamel bond fatigue durability of universal adhesives and twostep self-etch adhesives. The null hypothesis was that there would be no differences in the enamel bond fatigue durability between universal adhesives and two-step self-etch adhesives regardless of the presence or absence of phosphoric acid pre-etching.
MATERIALS AND METHODS

Study materials
Six adhesives were used in this study (Table 1) : four universal adhesives [1) Adhese Universal (AU, Ivoclar Vivadent, Schaan, Liechtenstein), 2) Clearfil Universal Bond (CU, Kuraray Noritake Dental), 3) G-Premio Bond (GP, GC, Tokyo, Japan), and 4) Scotchbond Universal (SU, 3M ESPE, St. Paul, MN, USA)], and three two-step self-etch adhesives [1) Clearfil SE Bond (CS), 2) Clearfil SE Bond 2 (CS2), and 3) OptiBond XTR (OX)]. UltraEtch (Ultradent Products, South Jordan, UT, USA) was used as a 35% phosphoric acid etching agent, and Z100 Restorative (3M ESPE) was used as the resin composite for the bonding procedures.
Specimen preparation
Sectioned buccal and lingual halves of de-identified extracted human molar teeth with the apical portions removed were mounted in 25 mm brass rings using Bosworth Fastray acrylic material (The Harry J. Bosworth Company, Skokie, IL, USA). Flat enamel bonding sites were prepared on the mounted buccal and lingual surfaces by wet grinding using a sequence of silicon carbide (SiC) papers (Struers, Cleveland, OH, USA) up to 4000 grit in a grinder-polisher (Ecomet 4, Buehler, Lake Bluff, IL, USA). This was to minimize the influence of any directionality of the surface grooving created by the abrasives. These surfaces were then washed and dried using a dental three-way syringe at a distance of 5 cm above the surface at air pressure of 3.8 kgf/cm 2 . Thirty specimens were prepared for each of the adhesives for initial shear bond strength testing and forty specimens for shear fatigue strength testing. Half of the specimens for each of the adhesives were pre-etched with Ultra-Etch for 15 s prior to application of the adhesive (Pre-etching group), while other half were not pre-etched (Self-etching group).
Stainless steel metal rings (mold-enclosed method) with an inner diameter of 2.4 mm, an outer diameter of 4.8 mm, and a height of 2.6 mm were used to bond a resin composite to the enamel surfaces for both groups. The bonding site surfaces (bottom side) of the metal rings were treated with a releasing agent (3% solution of paraffin in hexane), and the enamel surfaces of the pre-etching and self-etching groups were treated with the adhesives according to the manufacturers' directions ( Table 2) . A custom fixture was used to position and hold the metal rings over the bonding sites, and the resin composite was placed into the rings using a condensing instrument. This was then light-cured for 40 s using a quartz-tungsten halogen unit (Spectrum 800 Curing Unit, DENTSPLY Caulk, Milford, DE, USA) set at 600 mW/cm 2 from a standardized distance of 1 mm, and the bonded specimens were then stored in distilled water for 24 h before testing.
Initial shear bond strength testing
Initial shear bond strength tests (24 h water storage at 37ºC) were carried out on all groups using the stainless steel ring method described above (mold-enclosed method). A chisel-shaped metal rod was used to apply the load on the metal rings immediately adjacent to the flat enamel surfaces. The specimens (15 per group) were loaded to failure using an ElectroPuls E1000 machine (Instron Worldwide Headquarters, Norwood, MA, USA) with a crosshead speed of 1 mm/min. Initial shear bond strength values (MPa) were calculated for the peak load at failure divided by the bonded surface area.
Shear fatigue strength testing
A staircase method, previously described by Draughn 37) and Dewji et al. 38) , was used to perform the initial shear fatigue strength tests using the ElectroPuls E1000 machine. For the shear fatigue strength tests, twenty specimens were prepared for both the pre-etching and self-etching groups for each adhesive being tested. Subsequently, the specimens were stored in distilled water for 24 h prior to testing. Previous studies reported that bond fatigue strength was not influenced by the frequency rate (5, 10 or 20 Hz with enamel 35) and dentin 28) ) or the numbers of cycles (50,000, 100,0000 or 1,000,000 cycles with enamel and dentin 36) ), thus the fatigue load was applied using a sine wave at a frequency 
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Adhesive applied to air-dried tooth surface with rubbing action for 10 s and then medium air pressure applied to surface for 5 s. Adhesive photo-cured for 10 s.
GP
Adhesive applied to air-dried tooth surface for 10 s and then maximum air pressure applied to surface for 5 s. Adhesive photo-cured for 10 s.
SU
Adhesive applied to air-dried tooth surface with rubbing action for 20 s and then medium air pressure applied to surface for 5 s. Adhesive photo-cured for 10 s.
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Primer applied to air-dried tooth surface and left it in place for 20 s.
Medium air pressure applied to surface for 5 s. Adhesive applied to primed tooth surface and then air-thinned to make uniform bond film. Primer/adhesive photo-cured for 10 s.
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Primer applied to air-dried tooth surface with rubbing action for 20 s.
Medium air pressure applied to surface for 5 s. Adhesive applied to primed tooth surface with rubbing action for 15 s and then air-thinned for 5 s. Primer/adhesive photo-cured for 10 s.
of 20 Hz for 50,000 cycles or until failure occurred to minimize the resources needed for this study. The initial peak load for shear fatigue strength testing for each of the adhesive systems was set at a level approximately half of the mean initial shear bond strength determined for that adhesive and pre-etching condition. The lower load limit was set near zero (0.4 N). Subsequent loading was adjusted upward or downward approximately 10% from the previous load depending on specimen survival or failure. The test specimens were immersed in room temperature water (23±2°C) during fatigue strength testing to minimize the influence of temperature rise on the bonding specimens. The mean shear fatigue strength (X) and standard deviation (S) were calculated using the formulae listed below which was described by Draughn 37) :
where Xo is the lowest stress level considered in the analysis; d is the stress increment employed in the sequential tests; the lowest stress level at which a failure occurs is denoted by i=0, the next by i=1, etc.; n i is the number of failures after fatigue strength testing at each increment.
Failure mode of specimens
The bond failure sites after initial shear bond strength and shear fatigue strength tests were assessed using an optical microscope (MZ16; Leica Microsystems, Heerbrugg, Switzerland) at 20× magnification. The failure types were based on the percentage of substrate area (adhesive, resin composite, or enamel) observed on both the debonded cylinders and the enamel bonding sites. The failure types were classified as 1) adhesive failure at the interface, 2) cohesive failure in resin composite, 3) cohesive failure in enamel, and 4) mixed failure (partially adhesive and cohesive failure).
Scanning electron microscopy (SEM) observation of bonding interface
Representative images of the resin-enamel interfaces for three specimens per group were obtained using fieldemission SEM (ERA 8800FE, Elionix, Tokyo, Japan). The bonded specimens were stored in distilled water at 37°C for 24 h, embedded in self-cure epoxy resin (Epon 812, Nisshin EM, Tokyo, Japan), and then stored at 37°C for an additional 24 h. They were then sectioned near the center of the bonded resin composite post, and the surfaces of the cut halves were polished with SiC papers up to #4000 grit using a grinder-polisher (Ecomet 4). The surfaces were final polished with a soft cloth using 1.0 µm-grit diamond paste. SEM specimens of the resin-enamel interfaces were dehydrated by first immersing them in ascending concentrations of aqueous tert-butanol (50% for 20 min, 75% for 20 min, 95% for 20 min, and 100% for 2 h) and then transferring them to a critical-point dryer (Model ID-3, Elionix) for 30 min. To enhance the visibility of the layers, the polished surfaces were etched for 30 s using an argon ion-beam (Type EIS-200ER, Elionix) directed perpendicular to the surface at an accelerating voltage of 1.0 kV and ion current density of 0.4 mA/cm 2 . The surfaces were then coated with a thin film of gold in a vacuum evaporator (Quick Coater Type SC-701, Sanyu Electron, Tokyo, Japan) and observed using field-emission SEM with an operating voltage of 10 kV.
SEM observation of fractured surface after initial shear bond strength and shear fatigue strength tests
Representative fracture surfaces after initial shear bond strength and shear fatigue strength tests were observed in three specimens per group using a field-emission SEM. SEM specimens of the de-bonded specimens were coated with a thin film of gold in a vacuum evaporator and SEM observations were carried out using an operating voltage of 10 kV.
Statistical analysis
Initial shear bond strength data were analyzed using two-way analysis of variance, followed by Tukey's post hoc test, while the shear fatigue strength data were analyzed using a modified t-test with a nominal α of 0.05 and a Bonferroni correction (custom program). Fisher's exact test was used to statistically analyze the failure mode. All statistical analyses were conducted using a commercial statistical software package (SPSS Statistics Base, IBM, Armonk, NY, USA).
RESULTS
Initial shear bond strength
The initial shear bond strengths of the universal and two-step self-etch adhesives in the pre-etching and selfetching groups are shown in Table 3 . The initial shear bond strengths of both adhesives were significantly higher (p<0.05) in the pre-etching group than in the selfetching group. In the pre-etching group, the initial shear bond strength of SU and GP did not show any significant difference (p>0.05) from that of the two-step self-etch adhesives, while that of AU and CU were significantly lower. In the self-etching group, the initial shear bond strengths of universal adhesives were significantly lower (p<0.05) than those of two-step self-etch adhesives. The initial shear bond strength was material-dependent (p<0.05) for universal adhesives in the pre-etching group. Conversely, the initial shear bond strength of the universal adhesives in the self-etching groups and of the two-step self-etch adhesives in both groups were not influenced (p>0.05) by the type of adhesive. The initial Table 6 Failure mode analysis of de-bonded specimens after shear fatigue strength tests shear bond strengths of SU and GP in the pre-etching group were significantly higher (p<0.05) than that of AU and CU.
Shear fatigue strength
The shear fatigue strengths for the universal adhesives and two-step self-etch adhesives in pre-etching and selfetching groups are shown in Table 4 . The shear fatigue strengths of the universal adhesives in the pre-etching group were significantly higher than those in the selfetching group. The shear fatigue strengths of CS and CS2 in the pre-etching group did not show any significant difference from those in the self-etching group, although that of OX was higher. The shear fatigue strength was material-dependent for universal adhesives in the preetching group and for two-step self-etch adhesives in the self-etching group. Conversely, the shear fatigue strength of the universal adhesive in the self-etching group and of the two-step self-etch adhesives with preetching was not influenced by the type of adhesive. The shear fatigue strengths of SU and GP in the pre-etching group were significantly higher than that of AU and CU, while that of CS and CS2 in the self-etching group were significantly higher than that of OX.
Failure mode analysis
The failure mode analyses for initial shear bond strength and shear fatigue strength testing are shown in Tables  5 and 6 , respectively. The failure mode of de-bonded specimens from the initial shear bond strength and shear fatigue strength tests showed more cohesive and mixed failures for both universal adhesives and two-step self-etch adhesives in the pre-etching group than in the self-etching group. However, the Fisher's exact test did not reveal a statistically significant differences (p>0.05) in failure mode depending on the type of adhesive, or presence or absence of pre-etching, or testing mode.
SEM observation of bonding interface
Representative SEM images of the resin-enamel interface of pre-etching and self-etching groups are shown in Figs. 1 and 2 . The thickness of the adhesive layer of universal adhesives in the pre-etching group was approximately 10 µm, while that of two-step selfetch adhesives differed depending on the adhesive tested (approximately 40 µm for CS, 20 µm for CS2, and 10 µm for OX). The resin-enamel interface of the tested adhesives showed excellent adaptation to enamel regardless of the presence or absence of phosphoric acid pre-etching.
SEM observations of de-bonded specimens after shear fatigue strength tests
Representative SEM images of de-bonded specimens Fig. 1 Representative field-emission SEM images of the resin-enamel interface of pre-etching group at magnification of 2,500× (a) and of the enamel-adhesive interface at 10,000× (b). Arrows indicate the thickness of the adhesive layer. The universal adhesives in the preetching group had and adhesive layer with a thickness of approximately 10 µm, while that of the two-step self-etch adhesive differed depending on the type of adhesive. The thickness of two-step self-etch adhesives in the pre-etching group was approximately 40 µm for CS, 20 µm for CS2, and 10 µm for OX. The resin-enamel interface of the tested adhesives at higher magnification showed excellent adaptation to pre-etched enamel. A: adhesive; R: resin composite; E: enamel; AB-P: All Bond Universal in pre-etching group, AU-P: Adhese Universal in pre-etching group; CS-P: Clearfil SE Bond in pre-etching group; CS2-P: Clearfil SE Bond 2 in pre-etching group; CU-P: Clearfil Universal Bond in pre-etching group; OX-P: OptiBond XTR in pre-etching group; GP-P: G-Premio Bond in pre-etching group; and SU-P: Schotchbond Universal in pre-etching group. : -after shear fatigue strength tests are shown in Fig.  3 . The specimens predominantly exhibited adhesive failure, and de-bonding from the interface between enamel and the adhesive was clearly observed. Following shear fatigue strength tests, SEM observations revealed more cracks and cleavages in the fracture surfaces of universal adhesives after shear fatigue strength tests than in the two-step self-etch adhesives. In addition, no clear difference in morphological appearance could be observed, regardless of the presence or absence of phosphoric acid pre-etching.
DISCUSSION
The results of the present study show that the initial shear bond strengths and shear fatigue strengths of universal adhesives in the pre-etching group were significantly higher than those in the self-etching groups. The percentage increase in initial shear bond strength in the pre-etching group was approximately 37% for AU, 42% for CU, 63% for GP, and 63% for SU. Shear fatigue strength with pre-etching were increased approximately 35% for AU, 36% for CU, 52% for GP, and 58% for SU. Recently reported studies 39, 40) have reported that the enamel bond durability of universal adhesives is greater with phosphoric acid preetching than without pre-etching. These findings agree with the present study, although the level of increase in bond fatigue durability of universal adhesives associated with phosphoric acid pre-etching of enamel was material-dependent. There is sufficient evidence available to support using phosphoric acid pre-etching of enamel as part of the routine bonding regimen for universal adhesives. The two-step self-etch adhesives in the pre-etching group showed significantly higher initial shear bond strength than those in the self-etching group. The percentage increase in initial shear bond strength was approximately 14% for CS, 20% for CS2, and 31% for OX, and the increase level associated with phosphoric acid pre-etching was lower than that observed in universal adhesives. On the other hand, unlike OX (41% greater), there were no significant differences in shear fatigue strength of CS (10% greater) and CS2 (13% greater) between the pre-etching and self-etching groups, that is, the effect of phosphoric acid pre-etching on enamel bond fatigue durability of two-step self-etch adhesives was material-dependent. Although many manufacturers have introduced various self-etch adhesives over the past two decades, CS has proved to be one of the most reliable ones 41) . Laboratory studies have demonstrated stable bond durability to tooth substrates 42, 43) and clinical studies have also reported promising results [11] [12] [13] [14] [15] [16] 44) . Moreover, the manufacturers indicated that, in addition to a composition similar to that of CS, CS2 included a new integrated photo-initiator chemistry that may provide more free radicals and lead to higher monomer conversion rates and resulting in stronger bonds than CS. Furthermore, SEM observations of the enamel-resin interface revealed that the thickness of the adhesive layer of CS and CS2 was greater than the other adhesive tested regardless of the presence or absence of phosphoric acid pre-etching. Previous studies have reported that greater thickness of the adhesive layer may reduce the stress created by mechanical loading, and with potentially concurrent improvement in bond durability 45, 46) . In addition, another previous study reported that a relatively thick adhesive layer may serve as an artificial elastic layer at the interface and act as a shock absorber against mechanical loading, leading to higher bond strengths 47) . These features demonstrate that CS and CS2 are fundamentally resilient against fatigue, which may explain why their fatigue durability was not significantly lower in the self-etch mode when compared to phosphoric acid pre-etching. These findings are clinically relevant. In practice, it is often difficult to precisely etch only the enamel surface due to the cavity design, tooth position, or existence of adjacent teeth, especially in high stress bearing areas. This may result in a high probability of inadvertently etching the contiguous dentin surface, which may result in decreased dentin bond durability due to incomplete penetration of the acidic functional monomers into the demineralized dentin 48) . This has been described as a disadvantage of phosphoric acid pre-etching of dentin. However, the present study found that the bond fatigue strength of CS and CS2 to enamel is not significantly influenced by the presence or absence of phosphoric acid pre-etching, consistent with the results of the clinical studies reported by Van Meerbeek et al. 11) , Kubo et al. 12) and Peumans et al. [13] [14] [15] [16] . Thus, use of these adhesives may be the best option in these situations.
The initial shear bond strength and shear fatigue strength of SU and GP in the pre-etching group was similar to that of two-step self-etch adhesives, and significantly higher than that of AU and CU, results that may shed light on the conflict between the results of de Goes et al. 23) and Makishi et al. 24) . Tsujimoto et al. 4, 9, 10) reported that phosphoric acid pre-etching increased surface free-energy and polarized the enamel surface, leading to enhanced chemical bonding reactions between adhesive and enamel. 10-methacryloyloxydecyl dihydrogen phosphate (MDP) is a key acidic functional monomer for bonding of universal adhesives. In addition to MDP, SU also contains a specific polyalkenoic acid copolymer (Vitrebond copolymer, 3M ESPE) 49) . Vitrebond copolymer bonds chemically and spontaneously to hydroxyapatite, and a previous study demonstrated a higher bond strength for adhesives with Vitrebond copolymer than those without it 35) . It is likely that the presence of polyalkenoic acid copolymer favors additional bonding of universal adhesives to pre-etched enamel. Conversely, GP contains 4-methacryloxyethyl trimellitic acid (4-MET) as a functional monomer in addition to MDP. It has been reported that 4-MET forms a strong chemical bonds with calcium-containing substrates 50) . Therefore, the chemical bonding of specific components in SU and GP may be enhanced by the higher chemical bonding sensitivity of enamel created by phosphoric acid pre-etching, yielding the higher bond fatigue durability in the pre-etching group than AU and CU. In addition, the pH of GP is lower than that of other tested universal adhesives (Table 1) , and this may contribute to the higher enamel bond fatigue durability of GP due to the additional etching effect.
The initial shear bond strengths of universal adhesives in the self-etching groups were significantly lower than that of two-step self-etch adhesives, and the shear fatigue strength was overall lower than that of two-step self-etch adhesives (CS and CS2). Universal adhesives contain a hydrophilic and hydrophobic monomer mixture, and the residual water in this mixture may degrade the mechanical properties of the adhesive layer 51) . SEM observations of the fracture surfaces after shear fatigue strength tests revealed more cracks and cleavages in the adhesive layer of universal adhesives compared to that of two-step selfetch adhesives, regardless of the presence or absence of phosphoric acid pre-etching. The weaker mechanical properties of universal adhesives, especially in selfetch mode might lead to lower bond fatigue durability compared to some two-step self-etch adhesives (CS and CS2) that have relatively thicker adhesive layers, as previously described.
Therefore, based on the results of this study, the null hypothesis that there would be no difference in the enamel bond fatigue durability of universal adhesives and two-step self-etch adhesives regardless of the presence or absence of phosphoric acid pre-etching, was rejected.
CONCLUSION
The results of this study suggest that phosphoric acid pre-etching of enamel increases the bond fatigue durability of universal adhesives, but its effect on two-step self-etch adhesives is material-dependent. In addition, some universal adhesives with phosphoric acid pre-etching exhibit similar bond fatigue durability when compared to two-step self-etch adhesives, although the bond fatigue durability of universal adhesives in self-etch mode is lower than that of two-step self-etch adhesives.
